The American cranberry (Vaccinium macrocarpon) is one of the fruits containing antioxidants in great quantity and of high quality. From recent research, it is evident that both cranberry and its products, when consumed chronically or acutely, boost the antioxidant effect. Likewise, most studies revealed the antiinflammatory potential of the cranberry polyphenols. Both effects exert direct action mechanisms, revealed by the ability of the polyphenols to remove the reactive oxygen species, as well as indirect effects, represented by the action of these phytochemicals on the cell signaling pathways and genetic expression. A limited number of articles that evaluated the effects of cranberry on mitochondrial damages are available. However, an enhancement in the functions of this organelle was confirmed by the increased production of adenosine triphosphate (ATP). Therefore, further studies are required to demonstrate the benefits credited to the use of cranberry, as well as to describe the action mechanisms of the polyphenols.
Introduction
Cranberry (Vaccinium macrocarpon) along with blueberry occupies the top spot in the fruit ranking, revealing the highest quantity and quality of its constituent antioxidants. It also naturally contains fewer carbohydrates and more vitamins, minerals, and phenolic compounds compared to other fruits. [1, 2] Cranberry is consumed more in the dried form than in natura, and it is used in several products including juices, shakes, cereal bars, cheeses, and chocolates. [3] Currently, it is most widely used in the powder and extract forms in various food products and nutraceutical supplements. [4] Cranberries possess a distinctive composition of phenolic compounds, including three classes of flavonoids (flavonoids, anthocyanins, and proanthocyanidins), catechins and an assortment of phenolic acids that induce various biological effects, such as antioxidant, enzyme activity modulation, and gene expression regulating effects. [4] [5] [6] [7] However, the phenolic compounds of cranberry vary according to the type of fruit processing (juice, dehydrated, extract, lyophilized), storage time, and method of analysis used to phenolic compounds identification and quantification. [3, 8] From several in vitro studies, it is evident that high concentrations of cranberry polyphenols have been associated with antibacterial, antiviral, antimutagenic, anticarcinogenic, antiangiogenic, antiinflammatory, and antioxidant properties. [5, 7, [9] [10] [11] [12] [13] Animal models reveal that cranberry extracts can reduce C-reactive protein and inflammatory interleukins, increase nitric oxide synthesis, decrease Helicobacter pylori infection, and raise the sensitivity of the β-pancreatic cells to glucose. [14] [15] [16] Clinical studies highlight the fact that cranberry products can reduce LDL cholesterol (LDL-C), total cholesterol [17] , and LDL-C oxidation [18, 19] , increase HDL cholesterol (HDL-C), improve endothelial function [20, 21] , and enhance the plasma antioxidant capacity. [1, 18, 22] At present, an interdependent relationship has been recognized between oxidative stress and inflammation. [23] The presence of excessive free radicals has been identified as the main stimulus for the onset of the inflammatory process, which in turn, induces the immune system cells to produce free radicals. [24] [25] [26] [27] Besides, the free radicals also rank among the major causes of mitochondrial damage and thus consequently reduce output of adenosine triphosphate (ATP). [25, 28] Hence, the polyphenolic food sources are highlighted for their antioxidant action and potential in helping to prevent as well as control oxidative stress and its effects. [29] The high polyphenolic content naturally present in cranberry supports the scientific evidence of the innumerable beneficial health effects it offers. Thus, the objective of this review was to evaluate the benefits of using cranberry in various forms -lyophilised, juiced, or dried -as a source of phenolic compounds and its effects on oxidative stress, inflammation, and mitochondrial damage.
Cranberry antioxidant property
Reactive oxygen species (ROS) is constantly being produced in the body during normal cellular events, such as energy production, detoxification of the body or through physical exercise and exposure to environmental pollutants. [30] Along with the nitrogen and hydrogen reactive species, the ROS forms free radicals which can alter the biomolecular integrity of the lipids, proteins, and DNA. These changes increase the stimulation of the inflammatory processes, consequently raising the risk of chronic noncommunicable diseases, such as cardiovascular diseases and some types of cancers. [31] [32] [33] Bioactive compounds able to retard or prevent the oxidative effects are termed antioxidants. They are effective when they block the free radical-initiated chain reactions and eliminate them by preventing the occurrence of oxidative damage. [34, 35] Apart from the endogenous protection provided by the antioxidant enzymes, like catalase, superoxide dismutase, glutathione reductase and glutathione peroxidase, antioxidant intake through the diet is an additional protective factor in maintaining cellular redox balance. This complex endogenous and exogenous antioxidant protection system interacts and acts synergistically to neutralise the free radicals. [36, 37] Scientific evidence indicates that cranberry is a particularly rich source of polyphenols, with associated antioxidant properties. However, the wide variety of methods that it has been used in different studies has revealed substantial differences in the findings, particularly with respect to the cranberry product used in the intervention and its polyphenolic content. Besides, a few studies in the literature discuss the quantity of the antioxidant to be ingested, to achieve maximum health benefits. Among the studies evaluated in this review, 364 mg/day was the lowest recommended concentration of polyphenols, which was effective in reducing oxidative stress and protein and lipid oxidation. [2] However, Duthie et al., (2006) did not observe any change in the oxidative stress even when the polyphenols were ingested at 850 mg/day for two weeks (Table 1) . [22] Oxidative stress represents an early event in the pathophysiology of chronic non-communicable diseases. [38] Under such conditions, therapeutic antioxidant use influences the progression and control of these diseases, proving effective in attenuating the free radical-induced oxidative damage. [39] For example, a review on the relevance of polyphenols with regards to human health revealed that cranberry inhibited lipid oxidation and prevented the formation of peroxidation products. [40, 41] These results are credited to the action of the cranberry antioxidants in the elimination of free radicals, like hydroxyl radicals, superoxide radicals and singlet oxygen, culminating in preventing the oxidation of the biomolecules. [9] Other studies that evaluated oxidative stress through the assessment of protein, lipid, and DNA oxidation products reported a decline in these markers, reaffirming the antioxidant capacity of the cranberry. [2, 6, 18, 42, 43] The development of metabolic syndrome (MS) too includes oxidative stress as a causal factor, and not only as a consequence or an independent risk factor. [44] Therefore, some studies have utilized cranberry as a food supplement to mitigate the oxidative damages related to MS and its comorbidities and have reported promising results. [2, 42] Basu et al. (2011) evaluated the effect of cranberry juice on lipid peroxidation and the antioxidant capacity in women with MS. They observed a 33% of reduction in the concentration of oxidized low-density lipoprotein (oxLDL) and a 50% decline in the production of malondialdehyde (MDA), besides a 47% increase in the total plasma antioxidant capacity. In this study, the volunteers presented low consumption of other polyphenolic sources, enabling the benefits observed to be attributed exclusively to the consumption of cranberry juice. [42] Experimental studies also highlight the antioxidant potential of cranberry. [15, 45, 46] Kim et al. (2014) observed that despite the lipopolysaccharide (LPS)-induced oxidative stress, hypercholesterolemic rats fed on a cranberry-powder enriched diet showed reduced lipid and protein oxidation. The diet included 10% cranberry powder, which contained 122.6 mg/100 g of polyphenols, and its effectiveness was attributed to the high concentration of cranberry phenolic compounds, like flavonoids. [45] This same researcher group repeated the experiment using diabetic rats as a model and recorded a 79% reduction in TBARS (Thiobarbituric acid reactive substances) in the animals fed on a cranberry-enriched diet in comparison with those provided with the standard diet. [15] Studies that evaluated the impact of cranberry consumption on antioxidant enzymes reported controversial results, irrespective of dose, time, and form of supplementation. [6, 15, 22] Duthie et al. (2006) observed that the antioxidant capacity of the healthy subjects remained unchanged even after they consumed 750 mL cranberry juice every day, for two weeks. [22] Similarly, Valentová et al. (2006) also found no change in the erythrocyte concentrations of superoxide dismutase, glutathione peroxidase, and glutathione reductase after a daily consumption of 2 or 6 capsules of lyophilized cranberry juice. [43] On the other hand, Mathison et al. (2014) , who also evaluated healthy subjects, observed a rise in the plasma glutathione concentration and increased activity of the superoxide dismutase enzyme after acute cranberry consumption. [6] In an experimental study, diabetic mice with LPS-induced oxidative stress showed a restoration of superoxide dismutase concentrations post consuming a diet supplemented with lyophilized cranberry. [15] Results from an in vitro study also observed that both the juice and lyophilized cranberry extract raised the glutathione peroxidase levels. [47] Although the antioxidant effect of cranberry is well established, the exact mechanism by which its polyphenols promote these benefits has not yet been fully elucidated. However, regardless of the source, the polyphenols have been observed to exhibit similar action mechanisms. Thus, although studies in cranberry do not attempt to investigate the antioxidant action mechanisms, their polyphenols act similar to the manner of polyphenols drawn from other fruits. Accordingly, two action mechanisms have been extensively described in the literature -a direct one, where the polyphenols act in eliminating the radical superoxide and other reactive oxygen species of the organism; and an indirect one, where the polyphenols can stimulate endogenous antioxidant defense by stimulating the transcription factor NF-E2 related factor 2 (Nrf2), responsible for regulating the expression of the antioxidant enzymes, like catalase and glutathione. [48, 49] In a study to determine the pharmacokinetics of the cranberry polyphenols, it was found that four hours after the intake of cranberry juice containing 835 mg of polyphenols, the plasma concentrations ranged from 0.56 to 4.64 nmol/L, demonstrating the rapid removal of these compounds from the organism. Thus, the authors suggested that at these concentrations, the polyphenols would be insufficient to alter the cellular redox state through free radical neutralization (direct mechanism), but could affect the gene expression (indirect mechanism), which would potentially increase the expression and synthesis of the antioxidant enzymes. [49] The molecular targets of the polyphenols in regulating the cell signaling pathways continue to remain obscure. [50] [51] [52] The Mitogen-activated protein kinases (MAPK) and phosphatidylinositol-3-kinase (PI3K/AKT) pathways transmit a multiplicity of extracellular stimuli by phosphorylation and activation of the downstream transcription factors that enable the cell to respond to stress with the increased or decreased expression of the critical genes. [47, 52] When the potential influence of the juice and cranberry extract was evaluated in terms of the expression of the components of the MAPKs and PI3K/AKT pathways, it was observed that the preincubation of the HepG2 cells with cranberry was insufficient to reverse or prevent the overexpression of these pathways after exposure to 400μM tertButyl hydorperoxide, except for the c-Jun-N-terminal kinases (JNK) pathway, which showed normal expression after preincubation with cranberry juice. [47] Considering the low bioavailability of cranberry, the capability of its polyphenols to interfere in gene expression may be the plausible reason for its positive effect on oxidative stress, even when consumed in small amounts. It is also possible to suggest that the cranberry polyphenols act both as free radical scavengers (when present in larger quantities) and influence gene expression, culminating in a heightened endogenous antioxidant capacity, reduced oxidative stress and, consequently, balanced cellular redox. Nevertheless, scientific evidence to support this is still insufficient.
Anti-inflammatory property of cranberry
Recent research shows that chronic inflammatory process lies at the origin of several diseases, including cancer, cardiovascular disease, diabetes, insulin resistance, and rheumatoid arthritis. [53] [54] [55] During a single inflammatory event, a cascade of biochemical events which are kick-started involve the local vascular system, immune system, and various inflammatory site cells. Nuclear factor kappa B (NF-ĸB), which plays a crucial role in the inflammatory process, is the main transcription factor responsible for stimulating and encoding several genes, including those responsible for the production of cytokines, chemokines, immunoreactors, adhesion molecules, and the acute phase. [56] Considering the deleterious effects of chronic inflammation on human health, several fruits and fruit-derived products -juices, extracts, and nutraceutical supplements -are being studied at present, with the specific goal of determining their anti-inflammatory effects. [48] Because of its rich polyphenolic content, cranberry offers great anti-inflammatory potential. It has been observed in vitro that even under pronounced pro-inflammatory stimulus, the cranberry bioactive compounds are capable of suppressing the macrophage and T cell activation. [57] Polyphenols such as resveratrol, also found in cranberry, have been associated with the suppression of the inflammatory genes by their action on the transcription factors NF-ĸB and Janus Kinase/signal transducer and activator of transcription (JAK/STAT) in cell cultures. [7] When the effects of the cranberry fractions were investigated on caco-2/15 intestinal cells, Denis et al. (2014) observed that, even under LPS-induced inflammation, cells cultured in the presence of cranberry had a lowered NF-ĸB activation rate and a reduced pro-inflammatory mediator tumour necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6). [58] A lower expression was also noted of cyclooxygenase 2 (COX2), an enzyme responsible for raising the prostaglandin E2 (PGE2) levels, both associated with inflammatory processes. A similar finding was observed in experimental studies performed. [16, 46] Male rats supplemented with cranberry extract also produced a decline in the rate of expression of NF-ĸB. [46] Concurrently, other studies have reported that cranberry encouraged a drop in the levels of interleukin-4 (IL-4) and interleukin-1 beta (IL-1β), as well as an increase in the anti-inflammatory cytokine interleukin-10 (IL-10) [6, 16] (Table 1 ). Contrary to the evidence, a few studies that also aimed at demonstrating the anti-inflammatory effects of cranberry did not obtain positive results on the inflammatory markers. [2, 42] Simão et al. (2013) did not observe any change in the NF-ĸB expression, even after 60 days of intervention with cranberry juice. [2] Also, subjects with metabolic syndrome showed no changes in the C-reactive protein (CRP) and IL-6 levels after consuming 480 mL/day of cranberry juice for 8 weeks [42] Among the studies that identified an anti-inflammatory effect related to cranberry intake, the main action mechanism recorded was the ability of the polyphenols to reduce the NF-ĸB expression and consequently all the inflammatory cytokines it stimulated. A similar mechanism was observed in other studies that evaluated the anti-inflammatory effect of the bioactive compounds like resveratrol, curcumin, and anthocyanins received from other dietary sources. [59] [60] [61] Despite the central role played by the NF-ĸB in inflammation associated with gene expression, this transcription factor requires assistance from other specific transcription factors, including Mitogen-activated Protein Kinase (MAPK). [62, 63] These belong to the Serine/Threonine kinases family, which regulates the vital cellular processes of cell growth, proliferation, death, and differentiation, by modulating the genetic transcription in response to cellular environmental changes and constitute the upstream regulators of the transcription factors. [58] The action of the polyphenols on the cell signaling processes is clearly evident, mainly from their potential action on the inflammatory pathways. [59] [60] [61] A few of these actions are secondary to the ability of the polyphenols to modify the cellular redox state, while others are directly obtained. Among their direct actions on cell signaling are the blocking or downregulation of the receptors and transcription factors, leading to a reduced expression of the proinflammatory genes, including interleukins and Toll-like receptors (TLR) −4, NF-ĸB, activator protein (AP-1), and JNK or action as a natural ligand for peroxisome proliferator-activated receptor-gamma (PPAR-γ). [48, [59] [60] [61] 64] Polyphenols may also induce the production of anti-inflammatory markers such as IL-4, IL-10, interleukin-13 (IL-13) and adiponectin. In general, polyphenols potentially interfere with human health through several mechanisms, notably through their ability to modulate cellular events and promote the balance of the inflammatory state. [48] Other molecular mechanisms purported to be involved in the anti-inflammatory activity of polyphenols include the inhibition of the pro-inflammatory enzymes such as COX2, lipoxygenase (LOX) and induction of nitric oxide synthesis by the activation of PPARγ; inhibition of phosphoinositide 3-kinase (PI3-kinase) and tyrosine kinase; activation of phase II detoxifying enzymes, MAPK, protein kinase c (PKc), serine/threonine protein kinase akt/PKB and modulation of several genes involved in the cell cycle. [65] [66] [67] [68] Prevention of mitochondrial damage Mitochondria are extremely essential in the supply of cellular energy in the form of ATP, antioxidant defense, fat oxidation, intermediate processes of metabolism, and cell death. [69, 70] It is well established that mitochondrial functions are suppressed when living cells or organisms are exposed to potentially toxic agents, including alcohol, high fat diets, smoking, certain medications, or some pathophysiological conditions that induce increased oxidative stress. Under conditions of high oxidative stress, the cellular macromolecules may undergo different oxidative modifications, leading to their rupture and impairment of physiological functions. [71] As they are the chief producers of ROS in the mammalian cells, the mitochondria naturally become predisposed to oxidative damage due to their proximity to free radicals. [69, 70] In the mitochondrial matrix, the respiratory chain is present, which is a stage in the cellular respiration process, responsible for generating the largest quantity of ROS within the cell. This continuous output of ROS facilitates the direct interaction of these radicals with the cell macromolecules. When they occur in excess, the free radicals produced during cellular respiration impair the mitochondrial functions. To protect themselves against oxidative damage, the mitochondria utilise multiple antioxidant defense systems that include antioxidant enzymes and other molecules, particularly glutathione. [69, 72] Several studies have reported the beneficial effects of antioxidants on enhancing the mitochondrial function during pathological processes. [73] [74] [75] Recently, bioactive compounds have been observed to directly affect the mitochondrial functions by inhibiting specific enzymes, or indirectly by modulating the signals to or from the mitochondria. [70, [76] [77] [78] One of the mechanisms is the improvement of the mitochondrial function by inducing the expression of the genes responsible for oxidative phosphorylation and mitochondrial biogenesis by the acetylation of the peroxisome proliferator-activated receptor-gamma coactivator 1 alpha (PGC1-α), a principal regulator of mitochondrial biogenesis. Thus, the functional activity of the mitochondria would subsequently increase, evaluated mainly through the ATP production. [70] For instance, a study evaluating the cytoprotective effects of the apple polyphenols on indomethacin-treated Caco-2 cells, Carrasco-Pozo et al. (2010) reported a direct effect on mitochondrial oxidative damage, increase in ATP concentrations, maintenance of GSH/GSSG balance, rise in the mitochondrial membrane potential and elimination of the ROS produced both inside and outside the mitochondria. [79] A few studies are available which have evaluated the cranberry polyphenols in the prevention of mitochondrial damage. Denis et al. (2015) observed that the cells preincubated in neutral medium to which iron/ascorbate (Fe/Asc) was added, produced six times less ATP than those cultured under the same stimulus but with added fractions of cranberry containing 35% flavonols and 65% procyanidins in the culture medium. In this study, the prevention of oxidative stress-induced mitochondrial damage was attributed to the cranberry phytochemicals (Table 1) . Another study, evaluating the protective effect of potential antioxidants on acute or chronic carbon tetrachloride (CCl4)-induced mitochondrial damage, found that the most effective antioxidant complex in preventing the damage was the one containing the melatonin, succinate and flavonoids of cranberry at a single dose of 7 mg/kg/day. [80] However, the paucity of research regarding the effects of cranberry on mitochondrial damage limits this discussion. To date, the direct action of these polyphenols on free radicals and interference in gene expression have been reported, both of which possess the potential to improve mitochondrial function.
Conclusion
Cranberry is one of the main dietary sources of phytochemicals. Dehydrated cranberry, juices, extracts, and other products derived from this fruit have been shown in studies performed in vitro, experimentally and on humans to possess a range of biochemical and physiological effects, mediated by their phytochemical constituents. Most studies on cranberry have been focused on the antioxidant capacity, as the etiology of most chronic diseases are associated with redox imbalance. The critical evaluation of the articles presented in this review emphasised that the cranberry polyphenols are potent antioxidants, capable of eliminating free radicals and reducing cellular damage. Among the mechanisms presented is the direct action of the polyphenols which can neutralise the reactive oxygen species, and an indirect action, where the cranberry polyphenols were able to interfere in the cell signaling pathways. Thus, they would be capable of modulating the expression of those genes critical in the process of response to stress, inducing a rise in the endogenous antioxidant response (Figure 1 ). Among the studies that evaluated the anti-inflammatory capacity of the cranberry polyphenols, the majority reported a reduction in the inflammatory markers like cytokines, adhesion molecules, and acute phase proteins. Besides, the potential of the polyphenols in reducing the expression of NF-κB, a transcription factor critical in the inflammatory process, has also been identified as the main anti-inflammatory action mechanism of the polyphenols. There continues to be very little evidence to support the effects of cranberry on mitochondrial damage. However, the studies available have reported the potential of the polyphenols in preventing mitochondrial damage, as well as boosting the ATP production. These effects were due to both the modulation of the genomic expression by the polyphenols and their antioxidant effect. However, the paucity of studies is a limiting factor, necessitating more study on the effects of polyphenols on mitochondria. Despite the benefits of using cranberry for improving human health, no consensus has been reached regarding the dose or form of supplementation. Therefore, the present review emphasises the need to make recommendations regarding cranberry intake to experience its Antioxidant enzymes Figure 1 . Effect of cranberry polyphenols on oxidative stress, inflammation, and mitochondrial damage. Cranberry polyphenols act as free radical neutralizers, impacting directly on antioxidant status. Hence, after free radicals reduction occur reduction of the stimulus for inflammation and mitochondrial damage. In addition, cranberry polyphenols are also able to modulate the expression of key genes related to mitochondrial function, inflammation, and antioxidant response.
beneficial effects. Further, more studies are required to clarify the action mechanisms of the polyphenols and enhance the health benefits they can confer.
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